The growth of every human fetus is constrained by the limited capacity of the mother and placenta to deliver nutrients to it. At birth, boys tend to be longer than girls at any placental weight. Boy's placentas may therefore be more efficient than girls, but may have less reserve capacity. In the womb boys grow faster than girls and are therefore at greater risk of becoming undernourished. Fetal undernutrition leads to small size at birth and cardiovascular disorders, including hypertension, in later life. We studied 2003 men and women aged around 62 years who were born in Helsinki, Finland, of whom 644 had hypertension: we examined their body and placental size at birth. In both sexes, hypertension was associated with low birth weight. In men, hypertension was also associated with a long minor diameter of the placental surface. The dangerous growth strategy of boys may be compounded by the costs of compensatory placental enlargement in late gestation. In women, hypertension was associated with a small placental area, which may reduce nutrient delivery to the fetus. In men, hypertension was linked to the mothers' socioeconomic status, an indicator of their diets: in women it was linked to the mothers' heights, an indicator of their protein metabolism. Boys' greater dependence on their mothers' diets may enable them to capitalize on an improving food supply, but it makes them vulnerable to food shortages. The ultimate manifestation of their dangerous strategies may be that men have higher blood pressures and shorter lives than women.
The nutrition of a fetus depends on various aspects of the mother's nutrition, including her diet, her nutritional stores, and her metabolism, which is the product of her lifetime's nutrition (Jackson, 2000) . Fetal nutrition also depends on the placenta's ability to transport nutrients from mother to fetus (Harding, 2001) . This ability is reflected in its size. Small babies generally have small placentas. We have previously examined the differences in fetal and placental size at birth among boys and girls born in Helsinki, Finland (Forsen et al., 1999) . We found that the small differences in average body measurements concealed large differences in body proportions. Boys tended to be longer than girls at any placental weight. This suggests that boy's placentas are more efficient but may have less reserve capacity, which increases their vulnerability to undernutrition. Boys tend to have larger head circumferences at birth but are thinner than girls. This suggests that they may tradeoff visceral development to protect brain growth. The growth of every human fetus is constrained by the limited capacity of the mother and placenta to deliver nutrients to it (Ounsted et al., 1986) . The male fetus, by growing more rapidly and investing in brain growth rather than placental growth, is adopting a more dangerous strategy that puts it at greater risk of becoming undernourished.
An immediate consequence of fetal undernutrition is reduced growth and low birthweight (Harding, 2001) ; a long-term consequence is vulnerability to cardiovascular disorders, including hypertension, later in life (Barker, 1995) . Men and women whose birth weights were towards the lower end of the normal range are at increased risk of cardiovascular disease (Barker et al., 1989 (Barker et al., , 2005 Frankel et al., 1996; Leon et al., 1998; Rich-Edwards et al., 1997) . This is thought to reflect fetal programming, the process by which early malnutrition leads to lifelong changes in the body's organs and systems and thereby initiates disease in later life (Barker, 1995; Bateson et al., 2004) . Hypertension can be programmed experimentally by manipulating the diets of pregnant animals (Barker et al., 2006) . One mechanism underlying the fetal origins of hypertension is a lifelong reduction in the number of nephrons. During development the kidney has low priority because the placenta performs most of its functions, and renal development may be traded off to protect more important organs, including the brain. The higher blood pressure of men than women could indicate that boys more readily trade off their kidneys than girls do.
Not only are boys more vulnerable to undernutrition than girls, but their different path of intrauterine growth could make them respond to different aspects of maternal nutrition and have different placental growth. We here present findings showing that two markers of maternal nutrition, together with the size of the placenta, program hypertension differently in the two sexes.
METHODS
The study sample was selected from men and women who were born during 1934 to 1944 in the Helsinki University Central Hospital and who visited infant welfare clinics in the city. Details of the birth records, child welfare clinic records, and school health records have been previously described (Barker et al., 2005) . Their birth records included birthweight, the mother's height, and data on the father's occupation, grouped into middle and lower class, on the basis of an original classification from Statistics Finland. The records also included the weight of the placenta, together with the maximal width of the surface and a lesser width bisecting it at right angles. The mean values of the maximal and lesser diameters were 19.4 (SD 2.2) and 16.9 cm (SD 2.2), respectively. Their lengths were highly correlated with each other (r = 0.6) and with birthweight (r = 0.5). We used these so-called diameters to estimate the surface area of the placenta. Assuming an elliptical surface, we estimated the area of the placenta as maximal × lesser diameter × π/4. We identified 8,760 men and women, born as singletons, who were living in Finland in 1971, when a unique identification number was allocated to each member of the Finnish population. We used random number tables to select a sample of people within the cohort who were still alive and living in Finland. To achieve a sample size in excess of 2,000 people, we selected 2,902 subjects and invited them to a clinic. Nine hundred twenty-eight men and 1,075 women visited the clinic, which was held at the National Public Health Institute in Helsinki. Their average age was 62 years (range 57-70 years). The procedures used at the clinic have been previously described (Barker et al., 2005) . Written informed consent was obtained from each subject before any procedures were carried out. The Ethics Committee at the National Public Health Institute, Finland approved the study.
Six hundred forty-four of the subjects, 310 men and 334 women, had been diagnosed as having hypertension giving a prevalence of 32% . We calculated odds ratios for hypertension and assessed their associations with maternal and placental measurements using multiple logistic regressions. Odds ratios for hypertension increased with age and waist circumference and we adjusted for these as in our previous analyses . Measurements of birth, placental, and maternal size were analyzed as continuous variables although presented in Table 1 as groups. Tests for interaction used the product of the variables being studied. Table 1 shows the mean birthweights and placental measurements in men and women, together with the correlation between birthweight and placental measurements. Mean birthweight and placental weight were higher in boys. When, however, placental measurements were expressed as a ratio to birthweight the values for each of the three placental measurements were lower in boys. Table 2 shows that hypertension was associated with low birth weight in both men and women. It was not related to the duration of the pregnancy and its association with low birthweight must therefore reflect slow fetal growth. Placental size was differently related to hypertension in the two sexes. Despite the strong correlation between birthweight and placental weight (Table 1) , hypertension in men was only weakly related to low placental weight ( Table 2) and was unrelated to placental surface area ( Fig. 1 ). Among women, the association between hypertension and placental size matched the association with low birthweight, so that women with low placental weight and area were at increased risk. Short length of both the maximal and lesser diameters predicted later hypertension in women (P = 0.001 and 0.005).
RESULTS
We examined what particular aspects of placental growth among men with hypertension were mismatched to their slow fetal growth. We found that it was specifically a disproportion between the growth of the lesser diameter and the fetus that predicted the disorder. The risk of hypertension rose progressively as the ratio of the lesser diameter to birthweight increased (Table 2) . There was no similar trend with the ratio of the maximal diameter to birthweight or with the ratio of placental weight to birthweight. In Figure 2 , the men are grouped according to their mother's social class. A high ratio of the lesser diameter to birthweight only predicted hypertension in men with middle class mothers. Among women low placental weight and area predicted hypertension similarly in those with middle and lower class mothers.
We grouped the men and women according to their mother's heights, and categorized them as having either short or tall mothers using the median height (160 cm). Among men the ratio of the lesser diameter to birthweight predicted hypertension similarly in the two groups of mothers. Figure 3 shows that among women, however, low placental weight predicted hypertension more strongly in women who had short mothers. Small placental area and a small lesser diameter also predicted hypertension more strongly in women who had short mothers, though neither interaction was statistically significant (P for interaction = 0.09 and 0.06). In these women the lesser diameter predicted hypertension while the maximal diameter did not (P = 0.05 and 0.18 in a simultaneous regression).
DISCUSSION
We found that hypertension was associated with low birth weight in both men and women, as has been shown before (Barker et al., 1990; Curhan et al., 1996; Eriksson et al., 2007) . An interpretation of this association is that hypertension is initiated by impaired implantation, which leads to slow fetal growth and low birthweight. Impaired implantation is known to initiate preeclampsia of pregnancy and the offspring from such pregnancies have low birthweight and raised blood pressure in childhood and in adult life .
Remarkably, the size of the placental surface was routinely measured in Helsinki in the past. In recognition that the surface was more oval than round two diameters were recorded, a maximal one and a lesser one at right angles to it . We used these two diameters to estimate the area of the placenta. How closely this area reflects the total surface area for maternal-fetal exchange through the gestational period is not known. The size of the expelled term placenta is an incomplete proxy for its growth dynamics across the span of gestation. We found that the boys had larger placentas at birth than girls, whereas their placentas were smaller than those of girls when related to the weight of the baby. This is consistent with other findings suggesting that boys' placentas are more efficient than girls' placentas, but may have less reserve capacity (Forsen et al., 1999) .
We have suggested that growth of the placental surface is polarized from the time of implantation, so that growth along the major axis, which results in the maximal diameter, is qualitatively different to growth along the minor axis . We postulated that growth along the major axis aligns with the rostro-caudal growth axis of the embryo, while growth along the minor axis is nutritionally sensitive ). In pregnancies complicated by preeclampsia, both axes of the placental surface are short ). However, while there is a strong graded relation between the risk of preeclampsia and the absolute length of the lesser diameter, there is no similar relation with the maximal diameter. This suggests that tissue along the lesser diameter is linked to the development of preeclampsia through a structure or function that is not shared with tissue along the maximal diameter.
We found that the relation between the placental diameters and later hypertension was different in the two sexes. In men, hypertension was associated with a large lesser diameter in relation to birth weight. In women, it was associated with short diameters and a small placental area. One possible explanation is that boys attempted to compensate for impaired placentation by expanding the placental surface along its minor axis whereas girls did not. We suggest that this expansion occurred toward the end of gestation when the impaired capacity of the placenta to transport nutrients began to limit fetal growth.
Compensatory expansion of the placenta has been studied in sheep. Manipulation of placental size by changing the pasture of pregnant ewes is standard practice in sheep farming (McCrabb et al., 1992) . If ewes are placed on poor pasture in mid-pregnancy the placenta will enlarge, presumably to extract more nutrients from the mother. If the ewes are returned to good pasture in late pregnancy the enlarged placenta leads to larger lambs than there would otherwise have been. This improves their value to the farmer. We have previously suggested that compensatory placental enlargement occurs in humans and involves enhanced growth along the minor axis of the surface (Barker et al., 1990Barker et al., 2009 . Our new findings suggest that compensatory expansion occurs more readily in boys. This compensatory growth may be beneficial in some circumstances but if the compensation is inadequate, and the fetus continues to be undernourished, the need to share its nutrients with an enlarged placenta may become an added metabolic burden. For boys, in this study, the immediate cost of this burden was low birthweight and the long-term cost was hypertension, perhaps as a result of poor development of low priority organs like the kidney (Barker et al., 2006) .
We examined how the effects of two markers of maternal nutrition and metabolism interacted with those of the placental surface in determining later hypertension. There were food shortages in Helsinki before and during the Second World War, and these are likely to have been more severe in lower social class families (Pesonen et al., 2007) . We therefore used the mother's socioeconomic status as a marker of her diet around the time of pregnancy. Height reflects nutrition and metabolism in childhood and adolescence, although there are also genetic influences (Tanner, 1989) . We therefore used mother's height as a marker of her lifetime nutrition and metabolism.
We found that, among men, the association between a large lesser diameter in relation to birthweight was confined to those whose mothers were middle class. An interpretation of this is that compensatory placental expansion in response to food shortages may only occur in mothers who were better nourished when they conceived. The embryo at the blastocyst stage is sensitive to the mother's nutritional state and in response allocates more or fewer cells to the trophoblast, which becomes the placenta (Kwong et al., 2000) . In sheep, placental enlargement can only occur in ewes that were well nourished around the time of conception (McCrabb et al., 1992) .
Among women the trends in hypertension with low placental weight and small area did not differ in those with middle class or lower class mothers. The trends, however, were stronger in those whose mothers were short, and in these women it was reduction of the lesser rather than the maximal diameter that was associated with hypertension. An explanation for these findings is that short mothers have lesser protein synthesis during pregnancy and therefore make a lesser amount of amino acids available to the fetus (Duggleby and Jackson, 2001; Jackson, 2000) . Around one quarter of the variability in the length of newborn babies is related to maternal protein synthesis, which depends on the size of the mother's visceral mass, which in turn is linked to her height. A small placental area, more specifically a small lesser diameter, would therefore have more severe effects on fetal nutrition if the mother was short.
We suggest that during development in the womb boys are more responsive to the mother's current diet than girls, who respond more to their mother's lifetime nutrition and metabolism. The greater effect of the Dutch famine on boys supports this (Ravelli et al., 1999) , as do the greater effects of experimental maternal malnutrition on male animals (Grigore et al., 2008; Ozaki et al., 2001; Woods et al., 2005) . Observations in mice show that males are more vulnerable to stress and that core mechanisms underlying this are sex differences in epigenetic placental gene regulation (Mueller and Bale, 2008) .
In the womb, boys have a more dangerous growth strategy than girls. They grow more rapidly and invest less in placental growth, which puts them at greater risk of becoming undernourished. After impaired implantation they may more readily attempt to compensate by expansion of the placental surface in late gestation, and may have to sustain an enlarged placenta at the cost of their own nutrition. Although their responsiveness to their mothers' current diet enables them to capitalize on improving food supply, and promotes their agenda of rapid growth, it makes them vulnerable to food shortages, such as occurred in Helsinki when our study subjects were in the womb. The ultimate manifestation of boys' dangerous strategies may be that men have higher blood pressures and shorter lives than women. Odds ration for hypertension in men and women according to placental surface area. Odds ratios for hypertension in men according to the mother's socioeconomic status and the ratio of the lesser placental diameter to birthweight. Odds ratios for hypertension in women according to mother's height and placental weight. 
